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The production of pediocin by Pediococcus acidilactici was comparatively studied in submerged 
and solid-state culture, using polyurethane foam particles soaked in commercial (MRS) and waste 
media with various supplements, where product concentrations were 15 times higher in MRS 
medium. For the solid state analysis, cultures were treated by succesive compression and refilling 
of tubular mini-reactors equipped with a piston, without the need for re-inoculation. This method 
was found to be simple, reproducible and easily controllable, allowing culture productivity to be 
maintained for long periods of time without alterations in the basic properties of the system. In 
addition, yields were found to be superior compared to those from submerged culture. The system 
kinetics were modelled on the basis of widely accepted assumptions with a good fit to the 
experimental results and observed biomass fluctuations less evident than those predicted by the 
kinetic model. 
 





 Lactic acid bacteria produce a wide variety of anti-microbial factors that include as many 
metabolic end-products (lactic acid, diacetyl, acetic acid) as bacteriocin peptides (De Vuyst and 
Vandamme, 1992; Klaenhammer, 1988). The latter group plays an important role in food 
fermentation, preservation and intestinal ecology (Dunne et al., 1999; Gilliland, 1990; Fuller and 
Gibson, 1997). In recent years, there has been a notable rise in interest of the genus Pediococcus, 
several strains of which are commonly used in the manufacture of fermented sausages, due to 
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contributions to flavour and colour development (Stiles and Hastings, 1991). Bacteriocins from 
Pediococcus (pediocins) have been considered as potential food biopreservatives (Daeschel, 1990; 
Ray, 1992), and their applicability in effectively controlling food pathogenic microbiota has been 
investigated (Bhunia et al., 1988; Pucci et al., 1988; Liao et al., 1993; Cintas et al., 1995). Pediocin 
production has been mostly studied in submerged culture on commercial media, although some 
assays were based on residual substrates, such as milk whey or mussel processing wastes (Goulhen 
et al., 1999; Guerra and Pastrana, 2001; Vázquez, 2001). 
 
 According to the definition of Viniegra-González et al. (1994), solid state fermentation (SSF) 
is a microbial process occurring mostly on the surface of solid materials which can absorb or 
contain water, in the presence or absence of soluble nutrients. SSF comprises two very different 
modes (Murado et al., 1998). In the first, a divided and humidified solid (e.g. cereal grain, flour, 
bran, sawdust) behaves as both support and nutrient source, and the process essentially occurs in 
absence of free water (Kumar and Lonsane, 1987; Ramesh and Lonsane, 1990; Pastrana et al., 
1995). In the second mode, a nutritionally inert solid (e.g. synthetic foam: Murado et al., 1997; 
Pintado et al., 1998) acting exclusively as a support, is soaked in a nutrient solution. Even if the 
presence of free water is minimized in the inter-particulate space, the microorganism has access to 
pore water that occupies the hollow fraction of the support. Such access is a complex function of 
the solute concentration, the degree of hydrophobicity of the foam, its density, the relationship 
between hollow fraction and pore size (affecting capillary retention), particle diameter (affecting 
packaging and intra- and inter-particulate restrictions to mass transfer), growth of the biomass and 
its adhesiveness to the support. It should be further remembered that if the system is subject to 
forced aeration, the evaporation rate of the liquid phase is an additional variable. 
 
 In spite of their complex interrelations, this grouping of factors is useful for directing the 
time-course of the basic variables of the culture, i.e. the water activity and the restrictions to mass 
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transfer. Moreover, assuming the non-additive character of the interactions between these factors, 
multivariable experimental plans have been used in diverse micro-fungal productions and have led 
to empirical equations capable of orientating the search of optimal conditions by gradient and 
surface response methods. This facilitates the treatment of these systems and provides useful 
indices for understanding their dynamics (Pastrana et al., 1995; Murado et al., 1997, 1998; Pintado 
et al., 1997, 1998). 
 
 Although the ideal microorganisms for SSF are microfungi, numerous lactic acid bacteria 
have been isolated from foods such as cheese, cured meat, ham and elaborated fish products, thus 
suggestive of a tolerance to low water activities. In addition, since water activity is not important in 
the second mode of SSF, it was decided to analyse this mode in cultures of Pediococcus 
acidilactici, studying biomass and pediocin productions in a commercial conventional medium 
(MRS). Furthermore, it was also assayed the application for the same purpose of a low-cost 
medium, useful in other bioproductions (González et al., 1992; Murado et al., 1993; Pastrana et al., 
1995), and prepared from an industrial effluent (mussel processing waste: MPW) which is 
abundantly discharged to the coastal waters along the Galician Rías (NW Spain). The experimental 
results allowed to verify the mathematical model developed to simulate the culture kinetics starting 
from reasonable groups of work conditions. 
 
 




 The pediocin-producing strain used was Pediococcus acidilactici NRRL B-5627, kindly 
provided by the Northern Regional Research Laboratory (Peoria, Illinois. USA). The basic medium 
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used (M) was prepared by saccharification of concentrated mussel processing wastes (MPW) by 
methods described in detail in previous papers (González et al., 1992; Murado et al., 1993; Pastrana 
et al., 1995), and further dilution to the following concentrations of essential nutrients (in g.l–1): 
glucose: 10.8; proteins (Lowry): 1.5; total phosphorus: 0.3. Finally, M was supplemented with        
6 g.l–1 of peptone and 6 g.l–1 of yeast extract, termed MP and MY, respectively. Commercial MRS 
medium was also used for comparative purposes. In all cases, initial pH was adjusted to 7.0. 
 
 The experimental units were mini-reactors (50 ml methacrylate veterinary syringes) with 0.45 
g of a support consisting of ~120 cylindrical particles (6×6 mm) of polyurethane foam (density=20 
g.dm–3). The nominal volume of this load approximately represented, including the inter-particulate 
space, a double effective volume (45 cm3) with a coefficient of occupation of ~90% of the syringe 
space. The support was soaked in 6 ml of culture medium or liquid phase, equivalent to 30% of the 
maximum load of the foam. Each loaded experimental unit was sterilized by steam flow for 60 min 
and inoculated with 0.3 ml (5% of liquid phase) of a cellular suspension from 20 hours-aged 
submerged culture on medium M, adjusted to an OD (700 nm) of 0.900. Cultures were grown in a 
roller incubator operating at 18 cycles per minute, at 30ºC and 76% humidity (environment of a 
saturated NaCl solution). 
 
 At pre-established times and in sterile conditions, the load of each syringe was evacuated with 
the piston, thus obtaining approximately 95% of the incubated medium (or less if required). The 
system was subsequently recharged with fresh medium. It is prudent to carry out these steps twice, 
in order to achieve a good soaking and measure the new pH of the system (always lower than that 
of the fresh medium) before the final syringe refill. 
 
 For comparative purposes, all media were also assayed in conventional submerged culture 
using a 250 ml Erlenmeyer flasks with 160 ml (optimum load coefficient for pediocin production), 
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at 30ºC, with orbital shaking (200 rpm) and inoculation with 1.6 ml of cell suspension as described 





 Each sample (submerged or solid state) was divided into two aliquots. The first aliquot was 
centrifuged at 5,000 rpm for 15 min. The sediment was washed twice and resuspended in distilled 
water to the dilution required for OD measurement at 700 nm and dry weight estimation from a 
previous calibration curve. Supernatant was used for the determination of reducing sugars 
(Bernfeld, 1951), proteins (Lowry et al., 1951), and lactic acid by HPLC analysis (refractive-index 
detector), using an ION-300 (Teknokroma) column with 6mM sulphuric acid as a mobile phase 
(flow=0.4 ml.min-1), at 65ºC. The second aliquot was used for the extraction and quantification of 
bacteriocin, using Carnobacterium piscicola CECT 4020 (Spanish Type Culture Collection) as an 
indicator, according to methods described in detail previously (Cabo et al., 1999; Murado et al., 





 Fitting procedures and parametric estimations were carried out in all cases by minimisation of 
the sum of quadratic differences between observed and model-predicted values, using the non linear 





 RESULTS AND DISCUSSION 
 
Preliminary experiments with submerged culture 
 
 The results from submerged cultures on M, MP, MY and MRS media are shown in Figures 1 
and 2. Higher productions in MRS are evident. Supplementing medium M with peptone improves 
pediocin production, but not biomass, the contrary to yeast extract. 
 
 
Simulation of solid-state fermentation 
 
 The simulation of fermentation in solid state proposed here assumes that between each 
successive compression the microorganism grows according to the logistical model starting from an 
inoculum X0 determinable a posteriori from the extracted fraction. With this assumption, the 
operatory described in the methods is reducible to a succession of batch cultures with a global 
trajectory described by the specific growth rate  and the maximum biomass K in the process 
conditions used. Furthermore, this trajectory can be controlled through the time interval between 
two successive extractions, t, and the dilution factor of the inoculum, h, equal to the relation 
between the volume that remains in the system after each compression and the initial volume (or 
subsequent to each refill). 
 
 On the other hand, in agreement with the model of Cabo et al. (2001) for nisin production by 
Lactococcus lactis, which adequately describes bacteriocin production by various lactic acid 
bacteria including the preset strain, a realistic system model should incorporate the effect of pH 
decrease per unit time (pH) on growth rate. Consequently, pediocin production, considered a 
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primary metabolite in the sense of Luedeking and Piret (1959), will be influenced. The process can 
be described as follows (see notations in table 1): 
 
 1: Growth, or biomass production X, follows the logistical model: 
 
 X = tce
K





K  [1] 
 
 2: The variable pH affects the growth rate rX so that: 
 
 RX =  rX (1 + b pH) ; with  dt
dXrX    and  t
pHpH 
  [2] 
 
 Accordingly, and given that in differential terms the logistical equation takes the form: 
 






dX   [3] 
 
 the model here proposed is described by: 
 






  1  [4] 
 
 If  were constant, equation [4] permits an integral formulation of the type: 
 
 X =  
])1([1 EXP tpHbc
K
   [5] 
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  However, as [4] contains  (a function of pH and thus time), a dynamic situation develops 
admitting a numerical solution only. 
 
 3: The decrease in pH (being pH0 and pHf the initial and final values, respectively) can be 
described adequately with the von Bertalanffy equation: 
 
   ;  with  a = (pHctf aepHpH
 0 – pHf) [6] 
 
 4: The rate of bacteriocin production rP can be described with the classical model of 
Luedeking and Piret (1959): 
 
 rP =  rX +  X  [7] 
 






r XP    ;   and:        
X
rP  [8] 
 
This formulation enables microbial metabolites to be classified as primary (production rate 
dependent on rate of biomass production: =0), secondary (production rate dependent on biomass 
present: =0), and mixed (production rate simultaneously dependent on growth rate and biomass 
present: 0 and 0). 
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 5: In agreement with 2, the effect of pH on growth leads to a situation that admits only a 
numerical solution. Accordingly, the numerical derivative of the logistical biomass provides an 
apparent rate rX, from which the real rate, RX, is obtained when the effect of pH is considered. The 
numerical integration of RX provides the real biomass XR. From the substitution of RX and XR in the 
Luedeking and Piret equation, the real rate of bacteriocin production, RP, can be obtained. Finally, 
numerical integration of the rates RX and RP gives the real values of biomass and bacteriocin (XR 
and BTR): 
 





























 6: The relationship h between the volumes immediately precedent and subsequent to  
compressions determines, together with the time interval t between two successive compressions, 
the magnitude X0 of the inoculum for the following time interval. In this way (being Xt(n) the 
biomass at the end of the cycle n, X0(n+1) the initial biomass of the cycle n+1, and L the logistic 










h    ;    [11] )()( tLX nt 
 Moreover, Xt(n) can be easily measured in an aliquot of liquid phase extracted by means of a 
small stroke of the piston. Therefore, h can be freely established in each cycle as a function of the 
initial biomass desired for the next cycle. 
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 The preceding formulation facilitates the visualization of the process and permits the values 
of t and h which maximize the production extracted per time unit to be determined. Figure 3 
shows, using an arbitrary set of parametric values, the simulations corresponding to three runs 
characterized by the relationship between t and the duplication time of the biomass (tD=ln2/): 
 
 a) t  < 2 tD : the system tends to a wash out. 
 b) t  > 2 tD : the system is stabilised at a determined production level. 
c) Variable values of t, always superior to 2 tD : the system oscillates between stable values 
of production, and its behaviour is adjusted to those observed in experiments carried out with 





 To experimentally verify the conclusions of the simulation, three series of cultures were 
carried out (in the media MRS, MY and MP) which were forced to follow the kinetic trajectories of 
the most complex type. This was done by maintaining h constant, and dividing the total incubation 
time in various periods characterised by the time interval t between two succesive compressions. 
 
 The results, shown in figures 4, 5 and 6, confirm the described analysis. It should be noted 
that the irregularity of the profiles corresponding to the rates and productions for each time interval 
does not prevent the experimental accumulated productions (given the smoothing produced by the 
summation) to satisfactorily reproduce the model-predicted productions. In fact, the irregularity of 
the production per individual time interval is itself of interest. Such irregularity confirms the actual 
existence of the dampened oscillations which can be appreciated in the simulation after each change 
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in the t value (figure 3, down), despite the fact that no random variable was included to simulate 
the experimental error. On the other hand, the oscillations that precede to an asymptotic value are 
more sensitive to the experimental error than this value, which explains the diferent profiles of 
these transient phases when comparing the kinetic model with experimental data. 
 
 If the corresponding results from the different media are compared, the most significant point 
is the high consumption of carbohydrate promoted by the MRS medium, leading to greater 
production than the other two media by almost an order of magnitude. In addition, the peptone 
supplement again clearly promotes greater production than those obtained with yeast extract, as in 
submerged culture. Several authors (e.g. Jensen and Hammer, 1993; De Vuyst, 1995) have 
suggested that the production of bacteriocins requires complex protein sources containing peptides 
that act as precursors or inducers of the corresponding biosynthesis. Accordingly, the differences 
promoted by the supplements used, already detected in a previous work (Cabo et al., 2001), as well 
as the poor results on M medium, may be due to differences in the respective peptidic composition. 
 
 In spite of the efforts made to describe the SSF in a formally precise way, this type of culture 
still contains an important part of empiricism. When their results improve those from the 
submerged culture, it is common to justify them adducing that the SSF reproduces specially well 
the natural conditions in which the implied microorganisms grow (in introduction we have alluded 
to the aptitude of the lactic acid bacteria to grow in SSF). However, these different conditions also 
hinders a strict comparison between both modalities. 
 
 Keeping in mind these limitations, figures 1 and 2 represent only a reference illustrating the 
quantitative results of conventional submerged cultures in the same media used for the SSF. This 
reference could be useful for eventual decisions about the most efficient way of producing 
bacteriocins. In the case studied here, such results demonstrated the superiority of the solid state 
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operation for both MP and MRS media. If we compare values corresponding to equivalent volumes 
of medium (submerged culture) and liquid phase (SSF), the maximum pediocin production in MP is 
reached at 32 h, with 15.8 BU.ml–1, whereas in solid state, operating at t=12 hours, the production 
in the same period is 41.3 BU.ml–1 (261%). For MRS, t values leading to maximum production 
were not used, although a conservative calculation (acceptable given the model reliability) produces 
an estimation of 532 BU.ml–1 in 48 hours. This is equal to 130% of the corresponding production 
with the same incubation period in submerged culture. 
 
 Furthermore, it should be noted that the solid state cultures were carried out with a 
conventional, sub-optimal value of h. It is thus foreseeable that the corresponding optimisation led 
to even more substantial differences in favour of this mode. Finally, the cycle of successive 
compression without the need for re-inoculation has been demonstrated, constituting a simple, 
reproducible, easily controllable operation without scaling problems. Culture can therefore be 
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T ABLE 1: Symbolic notations used 
X: Biomass (X0: initial biomass). Dimensions (g l–1). 
K: Maximum biomass. Dimensions (g l–1). 
 : Specific growth rate (biomass formed per unit of present biomass and per unit of time). 
Dimensions (h–1). 
b: Constant ratio to be experimentally determined. Dimensions (h). 
rX : Growth rate at constant pH. Dimensions (g l-1 h-1). 
RX :  Growth rate induced by pH variation. Dimensions (g l-1 h-1). 
pH:  Decrease in pH per unit of time. Dimensions (h-1). 
pH0:. Initial pH or upper level of the pH range. Dimensionless. 
pHf:  Final pH or lower (asymptotic) level of the pH range. Dimensionless. 
c: Rate of pH variation. Dimensions (h-1). 
rp:  Production rates for P (product: bacteriocin). Dimensions (BU ml-1 h-1). 
:  Parameter to be experimentally determined. Dimensions (BU 10-3 g-1). 
:  Parameter to be experimentally determined.  Dimensions (BU 10-3 g-1 h-1). 
XR:  Production rate total biomass. Dimensions (g l-1 h-1). 
Rp :  Bacteriocin rate induced by pH variation. Dimensions (BU ml-1 h-1). 




















FIGURE 1: Submerged culture of P. acidilactici in M (É), MY (Å) and MP () media. X: biomass; 
BT: bacteriocin; La: lactic acid; Rs: reducing sugars; Pr: protein. 
 
FIGURE 2: Submerged culture of P. acidilactici in MRS medium. Notations as in figure 1. 
 
FIGURE 3: Simulation of the main results of solid state cultures with intermittent compression, 
follow the criterion that especify in the text. A: biomass (É) before and after of each extrusion; B: 
biomass (É) and bacteriocin (J) extracted per unit of support weight; C: evolution of pH (Ü) and 
acumulated sums of bacteriocin extracted per unit of support weight. Up: supposed of extrusions to 
intervals of time lower than the double time of duplicate (tD= ln2/) of the microorganism. Center: 
similar, but with intervals higher. Down: variable intervals upper to 2tD, reproduced a similar 
experimental operatory that led to the results of figures 4, 5 and 6. 
 
FIGURE 4: P. acidilactici cultures in polyurethane foams in MRS medium. X: biomass. BT: 
bacteriocin. G: acumulated sums of glicose added (É) and consumed (J). Pr: acumulated sums 
of protein added (É) and consumed (J). X and BT: acumulated sums of biomass and bactericin 
take out, respectly. Sup: support. 
 
FIGURE 5: P. acidilactici cultures in polyurethane foams in MY medium. Notations as figure 3. 
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